Nicotinamide (NAM), a form of vitamin B 3 , is a byproduct and noncompetitive inhibitor of the deacetylation reaction catalyzed by Sirtuins. These represent a family of evolutionarily conserved NAD + -dependent deacetylases that are well-known critical regulators of metabolism and aging and whose founding member is Sir2 of Saccharomyces cerevisiae. Here, we investigated the effects of NAM supplementation in the context of yeast chronological aging, the established model for studying aging of postmitotic quiescent mammalian cells. Our data show that NAM supplementation at the diauxic shift results in a phenocopy of chronologically aging sir2 cells. In fact, NAM-supplemented cells display the same chronological lifespan extension both in expired medium and extreme Calorie Restriction. Furthermore, NAM allows the cells to push their metabolism toward the same outcomes of sir2 cells by elevating the level of the acetylated Pck1. Both these cells have the same metabolic changes that concern not only anabolic pathways such as an increased gluconeogenesis but also respiratory activity in terms both of respiratory rate and state of respiration. In particular, they have a higher respiratory reserve capacity and a lower nonphosphorylating respiration that in concert with a low burden of superoxide anions can affect positively chronological aging.
Introduction
Nicotinic acid, and its amide form, nicotinamide (NAM) are the two major forms of vitamin B 3 , collectively called niacin, used for nicotinamide adenine dinucleotide (NAD + ) biosynthesis (Bogan and Brenner, 2008; Canto et al., 2015) . This essential coenzyme is also synthesized from L-tryptophan taken up from the diet, through the kynurenine pathway, which is often referred to as de novo synthesis (Bogan and Brenner, 2008) . For this, niacin supplementation prevents diseases due to a dietary deficiency of tryptophan, such as pellagra (Sauve, 2008) . NAD + , however, has other roles beyond that of coenzyme for oxidoreductases: it is also an obligate co-substrate for some families of NAD + -consuming enzymes that cleave the NAD + molecule at its glycosidic bond. One of these families is represented by Sirtuins, which are evolutionarily conserved NAD + -dependent deacetylases comprising seven members in mammals (SIRT1-SIRT7) and whose founding member is Sir2 of the singlecelled yeast Saccharomyces cerevisiae (Imai et al., 2000; Michan and Sinclair, 2007; Schwer and Verdin, 2008) . Sirtuins play crucial roles in the regulation of health and lifespan in many different organisms in response also to various nutritional and environmental stimuli (Houtkooper et al., 2012; Imai and Guarente, 2014; Morris, 2013; Poulose and Raju, 2015; Winnik et al., 2015) . Consequently, a strong consensus exists regarding the possibility that the modulation of Sirtuin activity can be a great promise for the development of pharmacological therapies with healthspan-extending effects (Bhullar and Hubbard, 2015; Gertz and Steegborn, 2016; Imai, 2010; Sinclair and Guarente, 2014) . Sirtuins consume one molecule of NAD + for every acetyl residue removed from specific lysines on histone and non-histone substrates, generating O-acetyl-ADP ribose and a salvageable NAM that can be recycled as a substrate for NAD + synthesis (Sauve et al., 2006; Tanny and Moazed, 2001) . Moreover, NAM is also an endogenous non-competitive inhibitor of Sirtuins: it reacts with an intermediate of the deacetylation reaction shifting it towards reformation of substrates (NAD + and acetylated target), 
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MAD-10861; No. of Pages 11 (Avalos et al., 2005; Jackson et al., 2003; Sanders et al., 2007; Sauve et al., 2005; Sauve et al., 2006) . Thus, NAM can affect the enzymatic activity of Sirtuins both as NAD + precursor and as inhibitor of the deacetylation reaction.
In the field of aging-related research, the effects of NAM supplementation have been investigated in S. cerevisiae in the context of replicative aging (Anderson et al., 2003; Bitterman et al., 2002) . In fact, in this budding yeast, two lifespan models have been well established: the replicative and chronological models that provide the ability to simulate the aging process of mitotically active and postmitotic quiescent mammalian cells, respectively (Longo and Kennedy, 2006; MacLean et al., 2001) . The replicative lifespan (RLS) refers to the number of daughter cells (buds) generated by a mother, which undergoes asymmetrical cell division, in the presence of nutrients before death (Steinkraus et al., 2008) , whilst the chronological lifespan (CLS) is the mean and maximum length of time a culture of non-dividing cells remains viable in stationary phase. In a typical CLS experiment, starting 72 h after the diauxic shift, viability is measured as the ability to resume growth upon return to rich medium (Fabrizio and Longo, 2007; Longo et al., 2012) . Sir2 is involved in both replicative and chronological aging. In the former, Sir2 activity promotes RLS (Imai et al., 2000; Kaeberlein et al., 1999) . Cells grown in the presence of NAM phenocopy sir2 ones: they show a similar shortening of RLS and other features associated with SIR2 loss of function such as reduction in silencing and increased recombination at the rDNA locus due to the inhibition of Sir2 enzymatic activity Sauve et al., 2005) . In chronological aging, on the other hand, most evidence so far supports a pro-aging role for Sir2 Fabrizio et al., 2005; Smith et al., 2007) . In particular, its deletion further extends the CLS caused by a severe form of Calorie Restriction (CR) obtained by incubation in water Fabrizio et al., 2005) . In addition, in chronologically aging cells, lack of Sir2 strongly influences carbon metabolism which turned out to be characterized by an enhanced glyoxylate/gluconeogenic flux. This, on the one hand, affects positively acetate metabolism and, on the other, increases the intracellular trehalose stores that are useful for long-term survival of non-dividing cells .
Here, we present results showing that NAM supplementation at the onset of chronological aging inhibits Sir2 activity, in particular Sir2-mediated deacetylation of Pck1. Due to this inhibition, NAM-supplemented cells phenocopy a sir2 strain displaying the same metabolic changes such as an enhanced glyoxylate/gluconeogenesis and increased trehalose. Interestingly, we found that lack of the Sir2 activity also affects the respiratory activity in terms both of respiratory rate and state of respiration. In particular, it correlates with a lower non-phosphorylating respiration that leads to a lower superoxide anion (O 2 − ) content. Finally, NAM-supplemented cells also phenocopy the CLS of sir2 cells both in expired medium and in extreme CR condition.
Materials and methods

Yeast strains, growth conditions and CLS determination
All strains used in this work are listed in Table S1 . The 3HA-tagged strains were undistinguishable from the congenic untagged ones with respect to overall morphology, cellular volumes, duplication times (Td), metabolite levels and CLS. Cells were grown in batches at 30 • C in minimal medium (Difco Yeast Nitrogen Base without amino acids, 6.7 g/L) with 2% w/v glucose and the required supplements added in excess as described (Orlandi et al., 2014) . Experiments were also performed by growing the histidine/leucine/uracil prototroph mutants in media containing the same supplements required by W303-1A obtaining similar results.
Cell growth was monitored by counting cell number using a Coulter Counter-Particle Count and Size Analyser (Vanoni et al., 1983) and, in parallel, the extracellular concentration of glucose and ethanol was measured in medium samples collected at different time points in order to define the growth profile (exponential phase, diauxic shift (Day 0), post-diauxic phase and stationary phase) of the cultures (Orlandi et al., 2014) . Td were obtained by linear regression of the cell number increase over time on a semi-logarithmic plot. Treatments were performed at Day 0 by adding nicotinamide (NAM, Sigma) at the final concentrations of 1 mM and 5 mM.
Cell survival in expired medium was monitored by harvesting aliquots of cells starting with 72 h (Day 3, first age-point) after the diauxic shift (Day 0). CLS was measured according to (Fabrizio et al., 2005) by counting colony-forming units (CFU) every 2-3 days. The number of CFU on Day 3 was considered the initial survival (100%). Survival experiments in water (pH adjusted to 3.2) were performed as described . Every 48 h, NAM (1 mM and 5 mM) was added to the culture after washing. Viability was assessed by CFU.
Metabolite measurements and enzymatic assays
At designated time points, aliquots of the yeast cultures were centrifuged, and both pellets (washed twice) and supernatants were collected and frozen at −80 • C until used. Glucose, ethanol and acetic acid concentrations in the growth medium were determined using enzymatic assays (K-HKGLU, K-ETOH, and K-ACET kits from Megazyme). Intracellular trehalose was extracted and measured as described in (Lee and Goldberg, 1998) . The released glucose was quantified using the K-HKGLU kit.
ATP was extracted following the boiling buffered ethanol procedure (Gonzalez et al., 1997) and quantified using the luciferinluciferase assay (ATP determination kit, Molecular Probes) and a Cary Eclipse luminometer (Varian), according to the manufacturers' instructions. Cell dry weight was measured as described (Agrimi et al., 2011) .
Immediately after preparation of cell-free extracts (Orlandi et al., 2014) , phosphoenolpyruvate carboxykinase (Pck1) and isocitrate lyase (Icl1) activities were assayed according to (de JongGubbels et al., 1995) . Total protein concentration was estimated using the BCA TM Protein Assay Kit (Pierce).
Immunoprecipitation and Western analysis
Total protein extracts were prepared and immunoprecipitated with anti-HA mAb (12CA5, Roche) according to Vai et al., 1990) . Immunoprecipitated proteins were resolved by SDS-PAGE on 8% polyacrylamide slab gels and subjected to Western analysis. Immunodecoration was carried out using anti-HA (12CA5, Roche) and anti-acetylated-lysine (Ac-K-103, Cell Signaling) monoclonal primary antibodies. Secondary antibodies were purchased from Amersham. Binding was visualized with the ECL Western Blotting Detection Reagent (Amersham). After ECL detection, films were scanned on a Bio-Rad GS-800 calibrated imaging densitometer and quantified with Scion Image software.
Respiration assays and fluorescence microscopy
The basal/routine oxygen consumption of intact cells was measured at 30 • C using a "Clark-type" oxygen electrode in a thermostatically controlled chamber (Oxygraph System, Hansatech Instruments, Nortfolk, UK) as previously reported . Data were recorded at sampling intervals of 1 s (Oxigraph Plus software, Hansatech Instruments, Norfolk, UK). Triethyltin bromide (TET, Sigma) at 37.5 mM and carbonyl cyanide 3-chlorophenylhydrazone (CCCP, Sigma) at 10 M were added sequentially to the oxygraph chamber and oxygen consumption was followed online (Agrimi et al., 2011; Hlavata et al., 2003) . The former allows the assessment of the non-phosphorylating respiration due to proton leakage and the latter to measure the maximal/uncoupled respiratory capacity by dissipating the proton gradient across the mitochondrial membrane. In this case, saturating amounts of ethanol (100 mM) were provided as respiratory substrate (Dejean et al., 2000) . The addition of 2 M antimycin A (Sigma) accounted for non-mitochondrial oxygen consumption. Respiratory rates for the basal/routine oxygen consumption (J R ), the maximal/uncoupled oxygen consumption (J MAX ) and the nonphosphorylating oxygen consumption (J TET ) were determined from the slope of a plot of O 2 concentration against time, divided by the cellular concentration. The net respiration (netR) was estimated by subtracting J TET from J R and used to calculate the net routine control ratio as in (Gnaiger, 2012) : netR/J MAX .
Index of respiratory competence (IRC) was measured according to (Parrella and Longo, 2008) by plating identical samples on YEP/2% glucose (YEPD) agar plates and on YEP/3% v/v glycerol (YEPG) plates. IRC was calculated as colonies on YEPG divided by colonies on YEPD times 100%.
O 2 − were detected with dihydroethidium (DHE, Sigma)
according to (Madeo et al., 1999) . Staining with 3,3 -dihexyloxacarbocyanine iodide (DiOC 6 , Molecular Probes, Invitrogen) was performed as described in (Koning et al., 1993) to analyze mitochondrial membrane potential and morphology. DiOC 6 staining was also performed after incubation with 10 M CCCP for 15 min to induce mitochondrial membrane depolarization. Cells were counterstained with propidium iodide to discriminate between live and dead cells. A Nikon Eclipse E600 fluorescence microscope equipped with a Leica DC 350 F ccd camera was used. Digital images were acquired using FW4000 software (Leica).
Statistical analysis of data
All values are presented as the mean of three independent experiments ± Standard Deviation (SD). Three technical replicates were analyzed in each independent experiment. Statistical significance was assessed by one-way ANOVA test. The level of statistical significance was set at a P value of ≤0.05.
Results and discussion
During chronological aging NAM supplementation like SIR2 inactivation promotes Pck1 enzymatic activity and gluconeogenesis
Several studies have demonstrated that NAM is a strong endogenous non-competitive inhibitor of Sir2 activity, which also modulates Sir2-mediated replicative longevity Anderson et al., 2003; Bitterman et al., 2002; Gallo et al., 2004; Sauve et al., 2005; Sauve and Schramm, 2003) . In this context, NAM supplementation to yeast growth media shortens RLS in a similar way to that of a sir2 mutant . Since, in the chronological aging paradigm, a pro-aging role has emerged for Sir2 Fabrizio et al., 2005; Longo et al., 2012) , we set out initially to determine whether NAM supplementation would cause any effect on CLS and whether these effects were Sir2-mediated. Since NAM concentrations as low as 5 mM are predicted to inhibit Sir2 activity (Anderson et al., 2003; Gallo et al., 2004) we examined the effects of two concentrations (1 mM and 5 mM) within the proposed physiological range. As shown in Fig. 1A and Table S2 , exogenously supplied NAM at the diauxic shift (Day 0) extended the CLS of the wild type (wt) while that of the sir2 mutant was unaffected even with the highest concentration. At Day 0, glucose is exhausted and cells begin to consume the fermentation C2 by-products (ethanol/acetate) via the TCA cycle and the glyoxylate shunt. Afterwards, when these by-products are exhausted, cells enter the stationary phase. SIR2 inactivation is associated with a fast depletion of ethanol during the post-diauxic phase and with very low levels of extracellular acetate Fabrizio et al., 2005; and Fig. 1B and C) . Interestingly, NAM added to wt cultures led to an increase in ethanol consumption, depleted by Day 3, and to a dramatically limited accumulation of extracellular acetate (Fig. 1B and C) . No effect was observed for the sir2 mutant: both treated and untreated cultures displayed the same fast exhaustion of ethanol and reduced accumulation of acetate in the medium (Fig. 1B and  C) . Since ethanol/acetate metabolism strongly influences chronological aging and changes in the utilization of these C2 compounds differently impact CLS (Hu et al., 2014; Longo et al., 2012; Orlandi et al., 2013) , we investigated whether the supplemental NAM may have any effect on the metabolic pathways required for the utilization of ethanol/acetate as carbon/energy sources. Initially, we examined the glyoxylate shunt, which becomes operative during the post-diauxic phase, and the gluconeogenesis. This pathway yielding glucose-6-phosphate from the oxaloacetate provided by the glyoxylate shunt, also supports the production of trehalose stores. Trehalose has been proposed as a key carbohydrate for surviving starvation during chronological aging and, in addition, extends CLS (Ocampo et al., 2012; Shi et al., 2010) . Thus, starting from Day 0, we measured the enzymatic activities of isocitrate lyase (Icl1), one of the unique enzymes of the glyoxylate shunt, and of phosphoenolpyruvate carboxykinase (Pck1) which catalyzes the main flux-controlling step of the gluconeogenesis. At the same time, we also evaluated the acetylation level of Pck1 since this post-translational modification is, on the one hand, crucial for Pck1 enzymatic activity and, on the other, regulated by the deacetylase activity of Sir2 (Lin et al., 2009) . With regard to the wt culture, following NAM addition, the levels of both the enzymatic activities increased and remained constantly higher than those detected in the absence of NAM ( Fig. 2A and B) ; concomitantly intracellular trehalose content also increased (Fig. 2C ). This indicates that NAM has a stimulatory effect on the glyoxylate/gluconeogenic flux. It follows that in the medium of NAM-treated wt cultures, ethanol depletion increases and acetate levels decrease (Fig. 1B and C) . The increase of Icl1 and Pck1 enzymatic activities and of the trehalose amount was concentration-dependent, reaching for 5 mM NAM values comparable with the ones of the sir2 mutant ( Fig. 2A-C) . In fact, in line with an enhanced glyoxylate/gluconeogenic flux that characterizes the mutant , the latter showed high Icl1 and Pck1 enzymatic activities and trehalose levels. No significant effect was observed when sir2 cultures were supplied with NAM ( Fig. 2A-C) .
Moreover, in the NAM-treated wt culture, the increase of the Pck1 enzymatic activity (Fig. 2B) was associated with an increase in the amount of the acetylated active form of the enzyme compared with that without NAM (Fig. 2D) . In the sir2 culture the level of the acetylated Pck1 was higher than the wt one (Fig. 2D) , in agreement with previous data and with the lack of the Sir2-targeted deacetylation (Lin et al., 2009) , and was not affected by NAM (Fig. 2D) . No significant difference in the amount of total Pck1 was detected between treated and untreated cultures for both strains (data not shown). Taken together these data suggest that NAM, in the context of a standard CLS experiment, inhibits Sir2 activity, in particular Sir2-mediated deacetylation of Pck1. Due to this inhibition, NAM-treated wt cells mimic a sir2 strain displaying metabolic features such as an enhanced glyoxylate/gluconeogenesis and increased trehalose stores which can be advantageous for chronological survivability. Notably, NAM supplementation also phenocopies the CLS of sir2 cells in a condition of extreme CR. In fact, it is well known that SIR2 deletion exacerbates the CLS extension linked to the transfer of post-diauxic cells from their expired medium to water Fabrizio et al., 2005; and Fig. 3A) . Supplementing water with NAM did not further extend the long-lived phenotype of the sir2 cells, whereas 5 mM NAM was sufficient for extending CLS of the wt to the same extent as the sir2 one (Fig. 3A) . This reinforces the notion that Sir2 activity blocks extreme CLS extension (Fabrizio et al., 2005) . Furthermore, the extended CLS achieved for the wt following NAM supplementation required the presence of Pck1 as in the case of SIR2 deletion (Lin et al., 2009; and Fig. 3B ). In fact, the long-lived phenotype in water of NAM-supplemented cells was completely abolished by deleting PCK1 (Fig. 3B) further supporting a connection among gluconeogenesis, Sir2 activity and chronological aging.
Lack of Sir2 and NAM supplementation affect both the respiratory rate and the state of respiration during chronological aging
Bearing in mind that following the diauxic shift cells switched to a respiration-based metabolism and considering also the influence of respiration on CLS (Bonawitz et al., 2006; Ocampo et al., 2012) , we next assessed several respiratory parameters in both NAM-treated and untreated cultures of the wt and sir2 strains. NAM supplementation at Day 0 to wt cells resulted in a decrease in their basal oxygen consumption (Table 1) . This matched well the effects of SIR2 inactivation. In fact, in the sir2 mutant, basal oxygen consumption was lower than the wt one displaying values close to those measured for wt cells treated with 5 mM NAM (Table 1) . No significant effect was observed when sir2 cultures were supplied with NAM (Table 1 ). In the sir2 and NAM-treated cultures the lower level of respiration compared with the wt one was not due to a limitation of reducing equivalents since in the presence of the uncoupler CCCP (see Materials and methods) they increased respiration to the same extent as the wt (Table 1) . This indicates that the maximal respiratory capacity is similar and that the membrane potential is retained. Moreover, in these cells the ratio of uncoupled respiration to basal respiration (J MAX /J R ) was higher than that of the wt (Table 2) indicating that NAM supplementation as well as SIR2 inactivation is accompanied by a higher respiratory reserve capacity. Notably, during the post-diauxic phase, the sir2 and NAM-treated cultures seem to modulate their respiratory efficiency by coupling ATP generation to electron transport better than the wt. In fact, the non-phosphorylating respiration was lower than that measured for the wt, the levels of which significantly increased as a function of time in culture (Table 1 ). In line with this, the net respiration (see Materials and methods), which is an estimate of the coupled respiration, was significantly higher in the sir2 and NAM-treated cultures (Table 2) . Additionally, in the wt the ratio between the net respiration and the uncoupled respiration (netR/J MAX ), which expresses the fraction of the electron transfer system utilized to drive ATP synthesis (Gnaiger, 2012) , severely decreased after 3 days from the diauxic shift and at Day 5 it was reduced to values close to zero (Table 2) , indicative of a non- Fig. 3 . NAM supplementation promotes extreme CLS extension. At Day 1 after the diauxic shift, the indicated strains (grown as in Fig. 1 ) were switched to water and challenged with NAM. Every 48 h, cultures were resuspended in fresh water and each time, NAM was added when reported. At the indicated time points, viability (A and B) was measured. Data refer to mean values determined in three independent experiments with three technical replicates each. SD is indicated.
phosphorylating respiration state. In the sir2 and NAM-treated cultures, at the same time-points, the values of this ratio were higher than the wt ones (Table 2) suggesting that these cells can retain a higher respiratory activity coupled with ATP production for a longer period. Consistently, in the same time-frame, whilst cellular ATP levels in the wt decreased, in the sir2 and NAM-treated cultures, they remained high and higher ATP/J R ratios were also observed (Table 3) . Thus, wt cells supplemented with NAM at the diauxic shift and sir2 cells display the same metabolic changes that concern not only anabolic pathways such as gluconeogenesis but also the respiratory activity in terms both of respiratory rate and state of respiration.
Lack of Sir2 and NAM supplementation preserve functional mitochondria during chronological aging
Starting from the aforementioned results regarding respiratory activity, for the purpose of investigating mitochondrial functionality we determined the Index of Respiratory Competence (IRC), namely the percentage of cells competent to respire (Parrella and Longo, 2008) for both NAM-treated and untreated cultures. At Day 1, all the cultures had an IRC of about 100% (Fig. 4A ) which indicates that all the cells are still respiration-competent. Afterwards, this value for the wt decreased progressively as expected reaching about 20% by Day 21. For the sir2 mutant, the time-dependent loss of mitochondrial functionality was lower and by Day 21 IRC was still about 43% (Fig. 4B) . No effect was observed following NAM supplementation to this culture. On the contrary, NAM supplementation to the wt increased the IRC and NAM effect, in the same way as for the other parameters so far analyzed, it was concentration-dependent showing for 5 mM NAM values similar to those of the sir2 culture ( Fig. 4A and B) . This indicates, on the one hand, that the lower level of basal respiration displayed by the sir2 and NAM-treated wt cultures (Table 1) is not due to some impairment in mitochondrial functionality and, on the other, that the lack of Sir2 enzymatic activity elicits somehow a "protective" effect on mitochondria. Consistently, in the sir2 and NAM-treated wt cells, DiOC 6 staining revealed the presence at Day 7 of mitochondria organized in a tubular network reflecting a proper functional state (Knorre et al., 2013; Mishra and Chan, 2014) (Fig. 4C) . Moreover, since DiOC 6 accumulates at the mitochondrial membrane depending on their membrane potential (Koning et al., 1993) , the bright fluorescence shown by these cells indicates that the mitochondrial membrane potential is retained in agreement with the results of the maximal/uncoupled respiration (Table 1) . Uncoupling mitochondria with the addition of CCCP resulted in loss of fluorescence due to the dissipation of the mitochondrial membrane potential (Fig.  S1) .
Mitochondria, besides their primary role of generating energy and metabolic intermediates, are also the major intracellular site of reactive oxygen species (ROS) production, whose harmful effects are involved in promoting and/or accelerating chronological aging (Barros et al., 2010; Pan, 2011; Breitenbach et al., 2014) . Thus, we next quantified ROS accumulation by using the non-fluorescent dihydroethidium (DHE) which is oxidized to fluorescent ethidium (Eth) in the presence of O 2 − which derives mainly from leakage of electrons from the respiratory chain. All cultures accumulated O 2 − as a function of time but in the sir2 and NAM-treated cells O 2 − content was significantly lower compared with that of the wt for all time points ( Fig. 4D and E) . Since it is known that non-phosphorylating respiration is prone to generate O 2 -Castillo et al., 2011; Hlavata et al., 2003) these data correlate well with the respiratory state observed after SIR2 inactivation or NAM supplementation further suggesting that, in a population of chronologically aging cells, the state of respiration rather than its rate dictates the degree of O 2 − production.
In conclusion, NAM supplementation to wt cells at the diauxic shift results in a phenocopy of chronologically aging sir2 cells. In fact, both display the same metabolic traits, O 2 − content and CLS extension both in expired medium and in extreme CR condition (water). It has been already shown that after the diauxic shift when cells utilize ethanol/acetate, lack of Sir2 correlates with an increase of the acetylated active form of Pck1, with an enhanced glyoxylaterequiring gluconeogenesis and increased trehalose stores (Casatta et al., 2013 and this work) . NAM supplementation at the onset of chronological aging allows the cells to push their metabolism toward the same outcomes by elevating the level of the acetylated Pck1. Furthermore, in the sir2 mutant, an enhanced glyoxylaterequiring gluconeogenesis favors growth in the presence of ethanol as carbon/energy source and Table S3 ). The same growth behavior is observed by providing NAM to wt cells during exponential phase, whilst no effect is detected for sir2 cultures (Table S3) providing further evidence that the metabolic trait of NAM-supplied cells are Sir2-mediated and that lack of Sir2 deacetylase activity affects gluconeogenesis. A significant num- Oxygen uptake rates (J) are expressed as pmol/10 6 cells/s. Basal respiration rate (JR), uncoupled respiration rate (J MAX ) and non-phosphorylating respiration rate (JTET). Substrates and inhibitors used in the measurements of the respiratory parameters are detailed in the text. Day 0, diauxic shift. Data refer to mean values determined in three independent experiments with three technical replicates each. SD is indicated. Values obtained for wt were used as reference for comparisons with the corresponding ones determined for NAM-supplied and sir2 cells. (*P ≤ 0.05 and **P ≤ 0.01, one-way ANOVA test). Oxygen uptake rates (J) are expressed as pmol/10 6 cells/s. Respiratory reserve capacity (J MAX /JR), net respiration (netR = JR − JTET) and fraction of the electron transfer system utilized for ATP synthesis (netR/J MAX ). Substrates and inhibitors used in the measurements of the respiratory parameters are detailed in the text. Day 0, diauxic shift. Data refer to mean values determined in three independent experiments with three technical replicates each. SD is indicated. Values obtained for wt were used as reference for comparisons with the corresponding ones determined for NAM-supplied and sir2 cells. (*P ≤ 0.05 and **P ≤ 0.01, one-way ANOVA test). ber of metabolic enzymes involved in glycolysis/gluconeogenesis, the TCA cycle, as well as fatty acid synthesis/degradation are acetylated and their acetylation status can directly influence their enzymatic activity or stability regulating the rate or direction of a metabolic flux Wang et al., 2010; Wellen and Thompson, 2012; Xiong and Guan, 2012; Zhao et al., 2010) . This is also the case of human Pck1,whose SIRT2-mediated deacetylation plays an important role in maintaining glucose homeostasis in response to the availability of nutrients (Chakravarty et al., 2005; Jiang et al., 2011; Zhao et al., 2010) . Notably, our data reveal new other metabolic traits linked to the absence of the enzymatic activity of Sir2. In fact, during chronological aging, both NAM-supplemented and sir2 cells compared with wt ones have i) decreased mitochondrial oxygen consumption, ii) a higher respiratory reserve capacity, and iii) a lower nonphosphorylating respiration. The respiratory activity is essential for chronological longevity (Aerts et al., 2009; Bonawitz et al., 2006; Ocampo et al., 2012) ; however, yeast cells have a large respiratory capacity to sustain CLS and only mutations/deficiencies affecting respiration below a threshold (about 40% of wt) significantly limit CLS (Ocampo et al., 2012) . In addition, it is of fundamental importance that the respiratory activity be properly adjusted to sustain the metabolic remodeling at the diauxic shift and the changes that go along with the entry into the stationary phase (Bonawitz et al., 2007; Ocampo et al., 2012) . These changes include slowing down energy consumption, enhancement of cell stress resistance and accumulation of storage carbohydrates. Lack of Sir2 activity has no effects on the maximal respiratory capacity of the cells that, although they have a reduction of total oxygen consumption, are not respiring below the critical threshold. In other words, these cells are not respiratory deficient and retain the ability to reprogram efficiently their metabolism at the diauxic shift. Thus, the respiration was lower than that of the wt but not limiting and is enough to sustain anabolic pathways such as gluconeogenesis and the synthesis of trehalose. It is reasonable to hypothesize that the reduced respiration can result from the enhanced gluconeogenic flux occurring in the sir2 mutant a well as in NAM-supplied cells. During the postdiauxic phase, the cytosolic glyoxylate shunt plays an important role in the metabolic cross-feeding between the cytoplasm and the mitochondria. In fact, it is the exclusive source of both oxaloacetate, the substrate of the Pck1, which fuels the gluconeogenesis and C4 dicarboxylic acids that are required to replenish with intermediates the mitochondrially localized TCA cycle. These C4 compounds include oxaloacetate, malate and succinate. In particular, the last one is transported into the mitochondria by a counter-exchange with fumarate (Palmieri et al., 1997) . Moreover, in the mitochondria, succinate is oxidized to fumarate thus generating reduced flavin cofactors (FADH 2 ). This reaction is catalyzed by succinate dehydrogenase, a hetero-tetrameric enzyme complex (also known as Complex II), which is a physical link between the TCA cycle and the electron transport chain. In fact, the fumarate produced is utilized in the TCA cycle and FADH 2 enters the electron transport chain (Baile and Claypool, 2013) . As discussed above, the lack of Sir2 activity favors the gluconeogenic route by increasing the acetylated active form of Pck1. In this context, there is an increased requirement of cytosolic oxaloacetate, that can be only supplied by the glyoxylate shunt. Consequently, an increase in the cytosolic oxaloacetate feeding might be required in order to fulfill the needs for driving an enhanced gluconeogenesis resulting in an attenuation of the metabolite fuel toward the TCA cycle which might lead to a reduced respiration. Gene expression profiles of 3-day-old sir2 cells show downregulation of genes encoding components of the Complex III (Cyt1, Cor1, Cyc1, Qcr6 and Qcr9) and Complex IV (Cox1, Cox4, Cox5b and Cox6) (Fabrizio et al., 2005) . Interestingly, both sir2 cells and NAM-supplied ones appear to modulate their respiratory efficiency by coupling ATP generation to electron transport − -accumulating cells assessed by the superoxide-driven conversion of non-fluorescent dihydroethidium into fluorescent ethidium (Eth). For the determination of Eth cells, evaluation of about 1000 cells was performed in three independent experiments with three technical replicates. SD is indicated. (*P ≤ 0.05 and **P ≤ 0.01).
better than the wt allowing them to obtain energy and, at the same time, to cope with a lower burden of O 2 − . In fact, despite a reduced respiration, these cells display a net respiration close to or even higher than that of the wt due to a reduced non-phosphorylating respiration. To the best of our knowledge, to date, there is no evidence that Sir2 directly controls the activity of the components of the electron transport chain. In addition, we observed no changes in the maximal respiratory capacity. In this context, we can only speculate that a lower charge of electron transport distributed over a not limiting respiratory capacity might reduce electron leakage from the respiratory chain resulting in a lower non-phosphorylating respiration that leads to a lower O 2 − production. Taken together, all these metabolic changes can contribute to the establishment of a more efficient quiescent program.
